Different kinds of experience during early life can play a significant role in the development of an animal's behavioural phenotype. In natural contexts, this influences behaviours from anti-predator responses to navigation abilities. By contrast, for animals reared in captive environments, the homogeneous nature of their experience tends to reduce behavioural flexibility. Studies with cage-reared rodents indicate that captivity often compromises neural development and neural plasticity. Such neural and behavioural deficits can be problematic if captive-bred animals are being reared with the intention of releasing them as part of a conservation strategy. Over the last decade, there has been growing interest in the use of environmental enrichment to promote behavioural flexibility in animals that are bred for release. Here, we describe the positive effects of environmental enrichment on neural plasticity and cognition in juvenile Atlantic salmon (Salmo salar). Exposing fish to enriched conditions upregulated the forebrain expression of NeuroD1 mRNA and improved learning ability assessed in a spatial task. The addition of enrichment to the captive environment thus promotes neural and behavioural changes that are likely to promote behavioural flexibility and improve post-release survival.
Introduction
Animals often express behaviours that appear to be exquisitely adapted to the environment in which they live. In many cases, the development of adaptive behaviour seems to be influenced and refined by early life experiences. For example, male three-spined sticklebacks (Gasterosteus aculeatus) from populations with predators chase their offspring a few days after hatching to help prime appropriate anti-predator responses in the developing juveniles [1] . Similarly, the navigational cues used by different homing pigeons (Columba livia) are influenced by the information most prevalent in the environment as the young birds grow and develop; birds exposed to windy conditions typically learn to navigate using olfactory, air-borne cues [2] , whereas pigeons reared in highly visual, but sheltered lofts pay more attention to visual landmarks [3] . In this way, experience during these early life phases plays a significant role in generating behavioural phenotypes that are well suited to different kinds of environment or lifestyle. Changes within the brain, both structural and neurophysiological, are believed to underpin differences in behavioural phenotypes. An indication of this comes from studying the brains and the behavioural repertoires of animals reared in captivity. Captive-bred animals generally have reduced behavioural diversity and less behavioural flexibility, and many regions of the brain are smaller and less active compared with wild counterparts [4] [5] [6] [7] . Such reductions appear to be a by-product of the constant, non-demanding rearing environment [8, 9] .
Several experiments with laboratory rodents have explored the effects of adding environmental enrichment into the cages housing the animals [10] [11] [12] . Enrichment, in the form of objects that can be manipulated (such as pieces of rope and toys) or explored and used (such as tubes) provide the animals with more variable experiences. In terms of behaviour, enrichment has been shown to have a positive effect on the ability to learn and remember new tasks [13, 14] . Within the brain, enrichment has been shown to affect neurogenesis, synaptic plasticity and longterm potentiation in the hippocampus, a region linked to spatial and other forms of relational memory. The functional relevance of hippocampal neurogenesis has been extensively studied, showing that environmental and physiological conditions such as stress, exercise and learning can modulate hippocampal neurogenesis. The molecular mechanisms of neural plasticity associated with memory have been a major focus for neuroscientists, and this research has now resulted in markers that can indicate up-or downregulation of neural plasticity [15, 16] . Recent studies have shown that expression levels of the proneuronal gene neurogenic differentiation 1 (NeuroD1) are a reliable measure of neurogenesis [17, 18] , and a useful indicator for neurogenic changes associated with learning and memory.
In other fields where animals are bred and reared for release as part of conservation programmes, environmental enrichment has been proposed as a positive addition to the rearing environment [19] . While there has been considerable success in rearing animals for reintroduction programmes, the survival of those animals once released has been generally poor, and in many cases the releases are ineffective at increasing population biomass [20, 21] . Enriched rearing environments and training have thus been explored as a means to promote the development of behavioural competence and flexibility, which is presumed to aid post-release survival [22] [23] [24] [25] .
Over the last decade, studies have explored the effects of different kinds of enrichment in fish reared for release [26] [27] [28] . There is now growing (but not always consistent) evidence that the addition of enrichment increases fish behavioural flexibility [28] [29] [30] . Other studies have also begun to investigate the kinds of effect that enrichment has on the fish brain. While earlier work described gross morphological changes in the relative size of different brain regions [31] , more recent work has begun to examine proliferation activity within the telencephalon or forebrain [32, 33] . However, whether changes in neural plasticity are related to differences in cognitive ability has not yet been addressed in fish (nor other animals) reared as part of a re-introduction programme.
To investigate the impact that exposure to enriched early rearing environments has on changes within the brain and cognition, juvenile salmon were reared in contrasting environments (enriched or control) over a period of eight weeks. Differences in forebrain expression of NeuroD1 mRNA and the spatial learning ability of the fish were then compared. As there is now a confirmed link between a fish forebrain region (lateral pallium, lp) and spatial cognitive ability [34, 35] , we compared the expression of NeuroD1 mRNA in the forebrains of fish. Spatial learning and memory are a complex form of behaviour that requires the animal to integrate multiple pieces of information, and it has been known for rodents with experience of an enriched environment to improve spatial learning [13] . We therefore tested the hypotheses that fish with experience of environmental enrichment would have upregulated expression of genes associated with forebrain neural plasticity and that juvenile fish from this background would have enhanced spatial learning abilities.
Material and methods (a) Experimental fish
Juvenile, pre-smolt River Vosso wild-strain Atlantic salmon (Salmo salar), one of the last wild strains of large salmonids from the North Atlantic, were used. A brood stock is housed in the national genbank in Eidfjord, Norway for conservation purposes. Eggs were hatched at Voss hatchery, and the fish were reared in conventional hatchery tanks where they were provided with river water and a natural photoperiod. The fish were transferred to enriched and control treatments at the age of 10 months and spatial learning experiments were run when the fish were 1 year old. All fish were sexually immature and no sneakers were among the experimental fish.
(b) Treatments
Fish were randomly divided into three control or three enriched tanks (100 Â 100 Â 60 cm), with 30 fish in each tank, and were held in these conditions for eight weeks (figure 1). Water temperature was maintained at 8 + 0.58C and a late autumn daylight schedule was simulated (9 L : 15 D cycle). All fish were tagged using micro PIT-tags (Nonatec Transponder, Lutronic International) under anaesthesia using buffered MS222. Ethical approval for the experiments was given by the Norwegian Veterinary Authorities (site licence no. 18).
Control tanks were standard, plain hatchery tanks, whereas the enriched treatment tanks contained pebbles, cobbles and vertically floating plastic structures [9, 28, 29] . The pebbles and rocks (diameter 8 -12 cm) covered at least 75% of the base of the tank. They were large enough for the fish to move around and hide between. Eight plastic fronds (5 cm wide Â 50 cm long) were also added into the enriched tanks. The fronds were weighted at their base using pebbles and the rest of the material then floated vertically in the water column. The fronds provided a place where the fish could hide or seek shelter and were used to mimic a natural habitat for this age of fish where they would normally encounter aquatic plants and woody debris. Fish in the enriched tanks were observed to use all the enrichment items in the tank, and while they sometimes schooled in the water column, at other times individual fish would be seen among the cobbles or swimming between the plastic fronds.
The position of the enrichment items in the tank was randomly changed once a week. To control for disturbance effects, control fish had their water stirred for similar amounts of time. The tanks were situated side-by-side and experienced the same amounts of general disturbance when the tanks were flushed to remove waste every third day or while loading feed onto belt feeders. The fish were not in visual contact between treatment tanks as the tanks were opaque.
(c) Brains samples
A subset of the fish-nine enriched and nine control fish (sampling three fish from each enriched and control tank)-was collected for the NeuroD1 mRNA comparisons. Fish were anaesthetized in buffered MS222 and measured for length (mean + s.e., enriched: 140.4 + 3.3 mm; control: 130.8 + 5.2 mm) and weighed (mean + s.e., enriched: 28.6 + 2.4 g; control: 24.0 + 3.0 g). The brains were rapidly dissected out, immediately placed in RNAlater (Ambion, Austin, TX) and stored at 2808C for subsequent quantification of NeuroD1 mRNA expression.
Frozen whole brains were perfused with RNAlater-Ice at 2808C overnight. The telencephalon was then quickly isolated on ice under a dissecting microscope by cutting away the olfactory bulbs and then cutting vertically between the telencephalon and the rest of the brain. Total RNA was then directly isolated from telencephalon tissue by phenol-chloroform extraction using TRI Reagent (Sigma, St. Louis, MO) as outlined by Chomczynski [36] .
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(d) Analysis of gene expression levels
Total RNA concentration and purity was determined by the NanoDrop ND-1000 UV-Vis Spectrophotometer (NanoDrop Technologies, Wilmington, DE) and the RNA integrity was evaluated with the Agilent 2100 Bioanalyzer using the RNA 6000 Nano LabChip kit (Agilent Technologies, Palo Alto, CA). Total RNA was treated with RQ1 RNase-free DNase (Promega, Madison, WI) and cDNA reversely transcribed using 500 ng total RNA and random nonamers in conjunction with the Reverse Transcription Core kit (Eurogentec RT-RTCK-05, Liège, Belgium) following the manufacturer's instructions.
We conducted real-time quantitative PCR with gene-specific primers in conjunction SYBR Green Master Mix (ABI; Applied Biosystems, Foster City, CA) using the MJ Research Chromo 4 System Platform (Bio-Rad Laboratories, Hercules, CA). We designed the forward primer for salmon brain NeuroD1 (NCBI account no. GI223647549) as CAATGGACAGCTCCCACATCT and the reverse as CCAGCGCACTTCCGTATGA. For all assays, the thermal cycling protocols contained 5 ml cDNA (125 ng RNA), 200 nM of each primer and 12.5 ml SYBR Green Master Mix in a total volume of 25 ml. The thermal cycling protocol consisted of 10 min at 958C followed by 45 cycles at 958C for 15 s and 608C for 1 min. Melt-curve analysis verified that the primer sets for each Q-PCR assay generated one single product and no primerdimer artefacts. For each assay, triplicate twofold cDNA dilution series made from different exposure groups were used to determine amplification efficiencies (E) calculated as the slope from the plot of log cDNA concentration versus threshold cycle (C t ) values using the following formula: E ¼ 10
. This efficiency was used to correct for differences in amplification efficiency when calculating gene expression according to Pfaffl [37] . Expression was measured in duplicate reactions for each individual and is presented as relative to the endogenous reference gene elongation factor 1 alpha (EF1a, NCBI account no. GI11596419) mRNA expression. EF1a has previously been validated as a reference gene in salmon [38] and was also found not to differ between treatments in this study. The EF1a forward primer was CCCCTCCA GGACGTTTACAAA and the EF1a reverse primer CACACGGCC CACAGGTACA. Data from three of the brains (two control and one enriched fish) were not included in the analysis, because the duplicate differences in the qPCR assay exceeded the accepted threshold. The final sample sizes for the brain screening were thus eight enriched and seven control fish.
(e) Learning assay
Two days before the behaviour trials began, 15 enriched and 15 control fish (five from each replicate enriched and control tank) were sampled randomly and transferred to either a 'control fish' or an 'enriched fish' holding tank, in which they were maintained during the behaviour trials. These fish were screened to compare how quickly they could locate the correct route out of a maze (figure 1). The fish were initially familiarized with the apparatus by allowing them to swim freely within the maze with all arms open for 48 h before the trials began.
The maze was made of opaque grey plastic; it had an outer start box on one side and four rectangular arms arranged in a row on the opposite wall (figure 1). A barrier was placed between the start box and the arms to prevent fish from having direct visual contact with the exits while in the start box. The maze was placed in the centre of a larger holding tank (100 Â 100 Â 60 cm). In the outer tank, three stimulus fish (randomly sampled from the main holding tanks) were kept in a cylinder (25 cm diameter) to act as a social stimulus during the trials to motivate the isolated test fish inside the maze to exit. Although salmon of the same age living in natural rivers would tend to be isolated living in independent home ranges (territories), hatchery-reared fish are used to schooling and being in a group. Thus, to motivate the fish to learn the correct route out of the maze, they were trained that on leaving the maze they could interact with the stimulus school. To help ensure similar motivation to leave the maze for both enriched and control fish, we pre-trained the fish before the learning trials began by allowing the fish to explore the experimental set-up over a 48 h period. During this pre-training phase, all the maze arms were open. All 15 enriched fish were pre-trained in one group, and all 15 control fish were in a different group.
There was a flow of water, with fresh water entering both the start box and the container with stimuli fish and leaving rspb.royalsocietypublishing.org Proc R Soc B 280: 20131331 via a central drain in the bottom of the holding tank. The water was maintained at a depth at 22 cm in the maze. At the start of each trial, an individual fish was collected in a hand-held dip-net, their identity was decoded with a hand-held PIT reader, and then they were carefully released into the start box. To keep handling stress to a minimum, we tested the fish in the order in which they were netted. Thus, the order of testing was different for each trial. We noted test fish ID on a label and placed it on the maze so it was visible on the video recording. A Sanyo Xacti VPC-WH1 camera, mounted 1.5 m above the centre of the maze, recorded the trials. Fish could not see the observer, but the observer could view the fish and maze remotely from the display on the camera. After 3 min, the start box door was opened remotely using a pulley. Fish that did not leave the start box within 5 min were encouraged into the maze using opaque plastic paddles. The start box door was closed after fish left the box. The camera was turned off after the fish had left the maze or if maximum trial time (300 s) was reached. Fish that did not find the exit were guided out using the paddles. We tested the fish once per day over seven consecutive days.
As fish left the maze, they swam into the larger body of water in the holding tank. The opaque walls prevented test fish within the maze from being in visual contact with fish on the outside. The maze was brightly lit, but there were shaded areas available underneath it for use as shelter. No fish ever re-entered the maze. After the trial on the last day, the fish were anaesthetized using buffered MS222, and their length (mean + s.e., enriched: 12.79 + 0.17 cm; control: 12.88 + 0.18 mm) and weight (mean + s.e., enriched: 21.97 + 0.88 g; control: 21.97 + 1.02 g) were measured. From playback of videos, we noted the time the test fish took to leave the start box, the time to the first error (which was defined as trying to exit through a dead-end), the number of errors made and the time to exit the maze.
(f ) Data analysis
All statistics were performed using R v. 2.15.1 (R Development Core Team, http://www.r-project.org). We tested for differences in length and weight using a linear mixed-effects model [39] . We specified 'tank' as a random effect factor to account for tank effects and used 'treatment' (enriched and control) as a fixed effect factor.
(g) Gene expression data
We investigated differences between enriched and control fish in telencephalic NeuroD1 mRNA expression relative to the endogenous reference gene expression (EF1a) using linear mixedeffects modelling [39] with 'treatment' (enriched or control) as fixed factor. We included 'tank' as a random effect factor to account for the dependency of observations within tanks.
(h) Learning in the maze trials (i) Errors and time to exit
For individual fish, we first calculated the cumulative number of errors ('cumul.errors') and cumulative time ('cumul.time') to leave the maze for successive experimental days. We then fitted linear mixed-effects models assuming first-order autocorrelation [39] and specified 'fish' (fish ID) nested under 'tank' as random effect factors to account for tank effect and repeated observations of individual fish. 'Treatment' (enriched or control) and 'day' (experimental day) were specified as fixed effects. The following equation in R was used: lme(cumul.errors day Ã treatment, random ¼ þ1jtank/fish, cor¼corAR1ðÞÞ:
To test for differences in time spent before leaving the maze, we used a polynomial model to allow for a curved relationship between cumulative time before leaving the maze and days.
The R equation was [39] lmeðcumul.time poly(day,2) Ã treatment,random ¼ þ1jtank/fish,cor¼corAR1ðÞÞ:
Results
The fish reared in the tanks with enrichment had higher levels of NeuroD1 mRNA expression relative to EF1a expression in the telencephalon compared with the control fish reared in standard hatchery conditions (lme, F 1,4 ¼ 10.18, p ¼ 0.03; figure 2 ). These enriched and control fish did not differ in their weight (lme, F 1,4 ¼ 0.92, p ¼ 0.39) or length (lme,
Over the 7 day testing period, enriched fish made fewer mistakes as they searched for the correct exit compared with the control fish (lme, comparisons of slopes, F 1,153 ¼ 11.15, p , 0.01; figure 3 ). Although the performance of the fish was not different on the first test day (F 1,21 ¼ 0.85, p ¼ 0.37), the enriched fish became increasingly more accurate as the trials progressed. In terms of time taken to leave the maze, again the enriched fish exited the maze faster than control fish as experimental days progressed (lme, comparisons of slopes, F 2,159 ¼ 8.24, p ( 0.01; figure 4) . Hence, enriched fish outperformed control fish as experimental days went by. There were no differences in escape performance at the beginning of the trials (lme, comparisons of intercepts, F 1,4 ¼ 2.68, p ¼ 0.12; figure 4 ), but the second-order polynomials of the models were significantly negative ( p ¼ 0.03; figure 4 ), indicating that the fish became faster at leaving the maze over experimental days.
Enriched and control fish used did not differ in their weight ( 
Discussion
In comparison with fish reared in impoverished tanks, juvenile salmon that had eight weeks in an enriched environment, rspb.royalsocietypublishing.org Proc R Soc B 280: 20131331 from 10 to 12 months after hatching, had increased neural plasticity in the telencephalon, with upregulated NeuroD1 mRNA expression, and exposure to tank enrichment also produced fish that had a superior spatial learning ability, allowing the fish to correctly locate the exit of the maze more efficiently. That enriched fish made fewer mistakes suggests that they were better at learning and then improving their performance through a trial-and-error process during the 7 days of testing. Experience with enrichment thus produced juvenile fish that quickly found their way out of the maze. By contrast, the fish reared in the plain impoverished control environments were slower to exit the maze. Together, our results indicate that exposure to enrichment during the rearing period has a positive effect on fish performance in a maze task. These results are similar to those previously reported for rodents, where exposure to cage enrichment was found to increase spatial learning ability and to increase levels of neurotrophic factors within the brain, particularly within the hippocampus, a region associated with spatial and other forms of relational memory functions [13, 14, 40] . However, this is the first time an effect of enrichment has been found to positively facilitate both neural plasticity and spatial learning in fish.
In mammals, neural plasticity is upregulated within the hippocampus as a result of exposure to environmental enrichment [16, 41, 42] . Environmental enrichment increases neurogenesis in the hippocampus, and is correlated with improved learning and memory tasks [41, 42] . NeuroD1 is a member of the basic helix -loop-helix transcription factor family involved in the development of the central nervous system [43] , hippocampal neurogenesis [44] and dendritic spine stability [45] . Thus, the increased NeuroD1 mRNA expression in the telencephalon of fish that experienced an enriched environment, and its correlation with enhanced spatial learning in the maze task in the present study, suggest a conserved mechanism across vertebrate taxa.
Our understanding of the fish brain is expanding rapidly at this time [34, 45, 46] . Studies from domesticated species such as the goldfish (Carassius auratus) are allowing us to refine our understanding of the function of different brain regions [34, 35] . Research from species reared in aquaculture is further providing insight into the way domestication affects the fish brain [32, 47] . Comparative studies of closely related species now living in contrasting natural habitats (e.g. cichlids in the African Rift Valley lakes) are revealing how different environments rapidly change the fish brain in terms of sensory processing structures (e.g. olfactory lobes), or the relative size of areas such as the telencephalon, cerebellum and hypothalamus [48] . Also, recent studies with the zebrafish (Danio rerio) are beginning to explore proliferation and neural mechanisms within this model species [33, 46] . The results we report here highlight that, as in mammals, there is a link between neural plasticity gene expression markers and spatial behaviour, and we suggest that this further validates the use of fish as model organisms for studies of vertebrate brain and behaviour.
Previous experiments that have specifically addressed the effect of the early rearing environment in fish have reported a range of behavioural benefits that exposure to enrichment confers. For example, enrichment promotes a number of different flexible behaviours in terms of more adaptive foraging abilities, decreased levels of aggression, more flexible shoaling responses, a faster ability to recover from stressful experiences and improved social learning skills [9,26,28 -30,49] . All of these changes in behaviour are likely to be associated with increased survival of individuals released into a natural environment. Our current observations extend these earlier results to spatial learning. Being able to find a way around an environment, to avoid areas that associated with danger, to rapidly locate shelter when threatened or to be able to return to a profitable feeding location are the kinds of challenge that juvenile salmon will face on a daily basis. Having sufficiently well-developed spatial skills that allow fish to solve these kinds of problem will be an important factor contributing to post-release survival. As we used a small group of fish as a social stimulus to motivate the test fish into escaping from the maze, it is possible that the effect we found could be a combination of both rspb.royalsocietypublishing.org Proc R Soc B 280: 20131331 spatial learning and social motivation. If this is the case, then a possible difference in social motivation between enriched and control fish may underpin the maze performance differences. We believe that this explanation is unlikely, as both enriched and control test fish were observed to move towards and interact with the stimuli fish on leaving the maze. Animals that grow and develop in a natural, non-captive environment have the advantage that direct experience helps to refine and adapt behaviour so that it fits the demands of local environments. In this way, an animal learns the adaptive value of being wary of predators, or it learns how to most efficiently move between different resources. By contrast, animals that are reared in captivity and subsequently released are at a considerable disadvantage because they are behaviourally ill-equipped to deal with the novel environment. We suggest that use of environmental enrichment in the captive environment helps to prime fish in terms of their underlying neural mechanisms and their behavioural plasticity, and that together the benefits of these kinds of priming process help to confer a greater chance of post-release survival.
